Lesions of atherosclerosis were analyzed at varying stages of development In Watanabe heritable hyperllpldemlc (WHHL) and comparably hypercholesterolemic fat-fed (FF) rabbits for the capacity to Incorporate thymidine Into proliferating cells within both the Irrtlma and the underlying media. An Identical inverse relationship between the Intimal/medial ratio (which reflects both lesion size and severity) and the labeling index was observed for both the WHHL and FF rabbits. Analysis of the spatial distribution of the labeled cells wtthln each lesion revealed the highest rates of thymidine Incorporation In cells situated within the superficial areas and lateral margins of the lesions. Up to 12% of the labeled cells were foam cells, which were predominantly located Immediately beneath the endothellum and within the lateral margins. Some labeled macrophages were also observed within the necrotic core of advanced lesions. There were no differences In the labeling Indexes at differing sites In the aorta, providing lesions of comparable size were compared. Simultaneous thymidine autoradiography and immunostalning with cell type-specific monoclonal antibodies revealed that approximately 30% of the labeled cells were macrophages and 45% were smooth muscle cells in advanced lesions from both WHHL and FF rabbits. (Arteriosclerosis 10:680-687, September/October 1990) C ell proliferation is a key event in the atherogenic process. This was demonstrated in early studies of 3 H-thymidine incorporation into cells in atherosclerotic lesions from hypercholesterolemic rabbits. These studies showed that proliferating cells are present at ail stages of lesion development and that many of these cells are foam cells.
C ell proliferation is a key event in the atherogenic process. This was demonstrated in early studies of 3 H-thymidine incorporation into cells in atherosclerotic lesions from hypercholesterolemic rabbits. These studies showed that proliferating cells are present at ail stages of lesion development and that many of these cells are foam cells. 1 -6 These early studies were limited by not having either the means to definitively identify the types of cells that proliferate or the capacity to quantitate both the composition and distribution of labeled cells within individual lesions. Techniques of computer image analysis and cell type-specific monoclonal antibodies were used in this study to generate quantitative data on the types of cells that proliferate and where within lesions of varying complexity these cells are situated.
We also compared the numbers and distribution of proliferating macrophages and smooth muscle cells in lesions of atherosclerosis from both Watanabe heritable hyperlipidemic (WHHL) rabbits and comparably hyper-cholesterolemic fat-fed (FF) rabbits as a continuation of earlier studies. 789 This comparison is designed to ascertain whether the absence of functional low density lipoprotein (LDL) receptors on the surface of cells from the WHHL rabbits affects the proliferate capacity of cells situated within atherosclerotic lesions.
Methods

Rabbit Colonies
A group of 24 WHHL rabbits between 1 and 42 months of age was obtained from the breeding colonies at the University of Washington and the University of California, San Diego. Eighteen New Zealand White rabbits (NZW) (R&R Rabbitry, Stanwood, WA) were fed a semisynthetic cholesterol-containing diet (Teklad, Madison, Wl) for between 1 and 18 months so that their total plasma cholesterol levels would match those of the WHHL rabbits, as previously described. 78 Six additional NZW rabbits, between 4 and 16 months of age, were maintained on normal rabbit chow (Purina, St. Louis MO). All but nine of the animals (six WHHL and three FF) were animals included in our earlier studies. 12 
Tissue Preparation
All of the animals used in these studies were perfusionfixed as previously described. 78 The aortas used in the morphometric studies were fixed with 2.5% glutaraJdehyde in 0.1 N phosphate buffer (pH 7.4). For the immunocytochemical studies, the rabbits were fixed with 4% paraformaldehyde containing 5% sucrose (pH 7.4) ( Table 1) . After the perfusion, the entire aorta from each animal was excised, cleaned of adherent fat and fascia, and either immersion-fixed overnight (morphometric studies) or placed in a rinse buffer consisting of 0.1 N phosphate, 4% sucrose, 0.15 mM CaC^, penicillin, and streptomycin (immunocytochemicaJ studies). The segments of aorta used for morphometric analyses were embedded in Medcast (Ted Pella, Inc., Redding, CA), and 1 fim thick sections were cut from: the arch at the level of the brachiocephalic and left subclavian bifurcations, the thoracic aorta at the level of the second intercostal arteries, and the abdominal aorta at the level of the celiac bifurcation. Each segment of aorta was serially sectioned until the maximum thickness of each lesion was reached. Four sections per lesion (two per slide) were then analyzed.
The paraformakjehyde-fixed tissue was embedded in paraffin, and 5 to 7 /im thick sections were cut from lesions at all levels of the aorta for immunocytochemical staining.
Thymidlne Autoradiography and Immunocytochemlstry
Twenty-two of the WHHL, 16 of the FF, and six of the control rabbits ranging between 1 and 42 months of age or duration of hypercholesterolemia (see Table 1 ) were given 3 H-methyl-thymidine (New England Nuclear, Boston, MA) intramuscularly at 0.5 mCi/kg body weight at 17, 9, and 1 hour before sacrifice. 8 After processing of the aortic tissue, the 1 /*m plastic sections and serial 5 to 8 ysn paraffin sections that had previously been immunostained with either nonimmune serum, the alpha and gamma actin-specific monoclonal antibody HHF -35, 910 or the rabbit macrophage-speciflc monoclonal antibody RAM-11 78 by using the avidin-biotjn immunoperoxidase technique (Vector Labs, Buriingame, CA) were dipped in NTB-2 autoradiographic emulsion diluted 50 = 50 with distilled water (Kodak, Rochester, NY). The sections were incubated at 4° C for 4 to 6 weeks and were developed with D-19 developer (Kodak) for 5 minutes at 20° C; the development was stopped with 0.1% acetic acid for 30 seconds, and the sections were fixed with 30% sodium thiosuffate for 5 minutes. 11 The plastic section autoradiograms were stained with methylene blue plus basic fuchsin.
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Image Analysis
The number and spatial coordinates of thymidinelabeled cells and the cross-sectional surface area of the intima and underlying media of each individual lesion were measured in both the plastic and paraffin/ immunostained sections by using an image analysis system interfaced to a Zeiss Axioplan photomicroscope (Carl Zeiss, Thornwood, NY). Intimal/medial (I/M) ratios were calculated for all lesions to normalize the data and to allow comparison of eccentric and concentric lesions of similar severity. An estimate of the total number of cells in each lesion and the underlying media was obtained by using an ocular grid (50 square microns per grid square) and by counting the total number of nuclei in every third grid square. In addition, notations as to the type and organization of each lesion were appended to each data file.
The Statistical comparisons between groups were made by using the Wilcoxon nonparametric test (Statistics Package for Social Sciences). Differences were considered significant at a p value of 0.05 or less.
Results
Correlation of Lesion Size and Type with Labeling Index
Analyses of thymidine incorporation in atherosclerotic lesions of varying stages of development from both the WHHL and comparably hypercholesterolemic FF rabbits revealed that there was an identical, inverse relationship between the percentage of the total cells labeled with thymidine (labeling index) and the size of the lesions (I/M ratio) ( Figure 1 ).
The I/M ratios shown in Figure 1 can, in general, be subdivided so that they correspond to differences in the types of lesions being analyzed. For example, an I/M ratio between 0.009 and 0.10 in most cases represents a very early fatty streak consisting of up to five cell layers of predominantly macrophage-derived foam cells. 7 An I/M ratio between 0.1 and 0.5 represents a more advanced fatty streak consisting of mixed macrophages and smooth muscle cells, Values shown are the numbers of labeled cells/total number of cells, and are the means±SD. Ascending arch refers to those sections cut from lesions situated adjacent to the brachiocephaiic bifurcation, while descending arch refers to the sections cut from lesions adjacent to the left subdavian bifurcation. Numbers in parentheses are the number of sections analyzed.
•Statistically significant difference from underlying media at a level of p<0.05.
corresponds to a transitional type lesion that contains the beginning of a fibrous cap and a core of hypertrophied foam cells. 9 Finally, an I/M ratio greater than 1.0 represents an advanced, complicated lesion containing a well-developed fibrous cap and a necrotic core. Thus, the data presented in Figure 1 demonstrate that the early fatty streak exhibits a much higher labeling index than more mature fatty streaks, which in turn have higher labeling indexes than either the transitional or advanced lesions.
Spat/a/ Distribution of Labeled Cells
By utilizing computer image analysis, we were able to keep track of the spatial distribution of the labeled cells within each lesion. Figure 2 shows the results of this spatial distribution analysis divided according to the size and type of lesion. Because fatty streaks consisted of only a few cell layers, by definition most of the labeled cells were located toward the lumen (within the first five cell layers, Figure 3) . However, as the lesions matured, there was an increase in the percentage of labeled cells situated within the middle of the lesions (between five and 30 cell layers) and within the deeper regions of the lesions (more than 30 cell layers). In advanced and transitional lesions, the middle compartment generally corresponded to the fibrous cap and portions of the lateral margins, while the deeper regions most often contained the hypertrophied foam cell core and/or necrotic core (Figure 4) . In all cases, regardless of size or complexity, there were more labeled cells within the lateral margins of the lesions than elsewhere ( Figure 5 ). However, in the fatty streaks, this showed up as more cells situated within the luminal compartment, while in the transitional and advanced lesions, the lateral margins were generally within both the luminal and middle compartments. Table 2 shows a comparison of the labeling indexes at three different sites along the aorta of the WHHL and FF rabbits, combined into a single data base. Due to extremely large individual variations and limited numbers of advanced lesions at several sites, the data for the early fatty streaks and more mature fatty streaks were combined, as were the data for the transitional and advanced lesions. In addition, because atherosclerotic lesions in rabbits develop in a caudal progression (generally from the arch downward), it was virtually impossible to obtain lesions of the same I/M ratio from each site within the same animal. Thus, we were unable to do the more appropriate paired, repeated-measures statistical analysis of the data for thymidine incorporation at the different anatomic sites for each individual animal. Nevertheless, the unpaired data indicate that the labeling indexes for the different sites were equivalent, providing lesions of comparable size were compared. In addition, Table 2 contains the labeling indexes for the media underlying the lesions (Figure 7 ) and provides a comparison with the media from the control animals. In most cases, there was an increase in the number of cells that take up thymidine in the media underlying the lesions relative to normal artery.
Labeled Foam Cells
Up to 12% of the total number of cells that incorporate thymidine, in both the WHHL and the FF rabbits, were unambiguously foam cells (Figure 8 ). Consistent with the data for all labeled cells (Figure 1) , the early fatty streaks contained the largest number of labeled foam cells (WHHL, 11.6%; FF, 11.9%) followed by more mature fatty streaks (WHHL, 7.2%; FF, 6.8%), transitional lesions (WHHL, 4.5%; FF, 7.5%), and advanced lesions (WHHL, 4.0%; FF, 6.3%). We again used computer imaging to analyze the spatial distribution of the labeled foam cells. In agreement with our spatial distribution analysis of all the labeled cells (Figure 2 ), 60% to 100% of the labeled foam cells were situated toward the lumen in the early and mature fatty streaks. As the lesions developed, however, there was a shift toward more labeled foam cells in the middle and deep compartments (50% to 90% in the transitional and advanced lesions of both the WHHL and FF rabbits). Many of these were situated within the core regions (both necrotic core and those core regions composed of hypertrophied foam cells) of the advanced lesions (Figure 8 ). Twenty-one sections of aorta were taken from the arch, thoracic, and abdominal regions from nine separate animals. Six animals were Watanabe heritable hyperiipidemic rabbits between 18 and 42 months of age, while three animals were cholesterolfed New Zealand White rabbits that had been hypercbolesterolemic between 10 and 18 months. Approximately 20 sections were serially cut from each site, and four sections were randomly chosen to be included in either the nonimmune group, the group stained with RAM-11, or those stained with HHF- 35. To determine what types of cells were taking up thymidine, we used the monoclonal antibodies, RAM-11 (specific for rabbit macrophages 9 ) and HHF-35 (specific for alpha and gamma actin and, therefore, smooth muscle cells when used to analyze arterial tissue 10 ), and we generated simultaneous immunostained autoradiograms (Figures 9 and 10) . By counting the number of labeled cells that were immunoreactive with each of the antibodies, we observed that, in a combined sample of lesions from sites at all levels of the aortas of both the WHHL and FF rabbits, approximately 30% of the labeled cells in the transitional and advanced lesions were macrophages ( Table 3 ). In contrast, approximately 45% of the labeled cells were smooth muscle cells, while about 20% of the cells could not be accounted for as either macrophages or smooth muscle cells.
Discussion
Relationship between Labeled Cells and Lesion Size
Much of the present data is in agreement with observations made in the original studies of thymidine incorporation into atherosclerotic lesions of cholesterol-fed rabbits.
1 - 6 For example, our finding that there is an inverse relationship between lesion size and labeling index is in agreement with the observations of several groups of investigators. 234 Further, the results of our spatial distribution analysis, indicating that there are more labeled cells toward the lumen (especially within the lateral margins), and our failure to see any site-specific differences when lesion size was accounted for, had been observed previously. 234 McMillan and Duff 1 first observed mitotic figures in foam cells within rabbit lesions over 40 years ago. This was later confirmed in rabbits, 2 -0 swine, 13 and rhesus monkeys. 14 Finally, the values we obtained for the labeling indexes of both the lesions and the underlying media are within the same range of previously published values from studies using comparable labeling protocols.
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Fatty Streak Is a Prolfferatlve Lesion
Although our observation that there is a higher labeling index in early lesions is not original, it is important to re-emphasize the fact that the fatty streak is a proliferative lesion. Our data indicate that cell proliferation may be a relatively early event in the atherogenic process, although additional studies that focus entirely on the initiation of the fatty streak are required to determine whether increased proliferation accompanies the initial infiltration of monocytes from the circulation and the migration of smooth muscle cells from the media.
8716 - 18 The observation that there are more labeled cells within the luminal regions and lateral margins of lesions at all stages of development is consistent with the inverse relationship between lesion size and labeling index. This is because these areas may constitute regions of newly formed and expanding lesion and may have a cellular composition similar to the fatty streak. 919 In addition, labeled endothelial cells would have been included in the luminal compartment, and an increase in labeled endothelial cells could be indicative of a response to some type of surface injury or perturbation of normal function contributing to the development of the underlying lesions.
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Labeled Foam Cells
Our quantitative data on the numbers of labeled foam cells are probably an underestimate because we used rigorous criteria in generating the data If there was any ambiguity as to whether the labeled cell was a foam cell, even after observation at high magnification, the cell was not included in the sample. Nevertheless, the fact that up to 12% of the labeled cells in the early lesions were foam cells indicates that these cells are not totally incapacitated while accumulating large amounts of lipid. In fact, the observation that massively loaded foam cells situated deep within the necrotic core also take up thymidine suggests that even after a considerable residence time within the lesions, cells may still be able to proliferate and contribute to the continued expansion of the advanced lesions.
Before the development of cell type-specific monoclonal antibodies, it was difficult to definitively identify the types of cells that were proliferating. By generating simultaneous immunostained autoradiograms, we have obtained an estimate of the relative contribution of two of the major cell types involved in the atherogenic process, macrophages and smooth muscle cells. Surprisingly, we found that approximately 30% of the labeled cells within transitional and advanced lesions from both the WHHL and FF rabbits were macrophages. To our knowledge, this is the first report of large numbers of macrophages undergoing proliferation within atherosclerotic lesions and suggests that macrophages may be able to undergo several rounds of mitosis under the right circumstances. Due to logistical reasons, we were unable to determine the relative numbers of labeled macrophages and smooth muscle cells in the early lesions. However, based on our previous studies of the cellular composition of the early lesions in both the WHHL and FF rabbits, 789 which demonstrated that the early fatty streak is predominantly composed of macrophage-derived foam cells, it stands to reason that many, if not most, of the labeled cells in the early lesions are macrophages. Whether these cells are still uncommitted monocytes or even stem cells has yet to be determined.
The capacity of macrophages to proliferate has been demonstrated in a variety of nonarterial tissues under both steady-state and inflammatory conditions. 21 Although the degree to which macrophage proliferation contributes to the total tissue population of these cells is still unclear, macrophage proliferation has not only been reported primarily for alveolar macrophages, 22 -23 ' 24 but also in Kupffer cells, 25 skin macrophages, 26 and at other sites of inflammation. 27 The 20% of the labeled cells that were not accounted for as being either macrophages or smooth muscle cells may have been lymphocytes 28 or endothelial cells. 
Comparison of WHHL and Fat-fed Rabbits
In every case where there was enough data to effect a comparison between the WHHL and FF rabbits ( Figure 1 and Table 3 ), we found that there were no differences in the rates of cell proliferation in these two animal models. Therefore, the absence of functional LDL receptors on the cells of the WHHL rabbit does not appear to influence the capacity of the cells to take up thymidine. This is in agreement with our previous studies 78 demonstrating that if the plasma cholesterol levels are paired, the cellular events occurring during the initiation and expansion of the lesions are identical. We further observed that the deposition of lipid, although of differing composition, also occurred to an identical degree in both types of rabbits. 29 These in vivo data are consistent with in vitro evidence that each of the cell types involved in the lesions of atherosclerosis is capable of synthesizing and secreting a variety of growth regulatory molecules. 20 Recent data demonstrate gene expression for several of these molecules in the advanced lesions of atherosclerosis in humans 3031 and in nonhuman primates. 32 However, the in vivo signals that stimulate each type of cell to express growth factor genes remain to be determined. It is possible that activation of the endothelium 33 Although the ultimate signals that stimulate cell proliferation in atherosclerotic lesions may be quite diverse, depending on the cell types involved and the species under consideration, it is clear from the present observations that cell proliferation is a critical component of the atherogenic process and should be considered when developing therapeutic approaches for the prevention of the initiation or progression of atherosclerosis.
